Introduction {#sec1-0300060517712654}
============

Glioma is the most common type of brain tumor, comprising 30% of all brain and central nervous system (CNS) tumors, and 80% of all malignant brain tumors.^[@bibr1-0300060517712654]^ According to the World Health Organization (WHO) classification,^[@bibr2-0300060517712654]^ gliomas can be categorized into four grades (I--IV) based on histopathologic features, with high clinical significance for further treatment and prognosis. Gliomas are heterogeneous in nature, and histopathologic changes during malignant transformation of different grades contribute to the microstructural complexity of tumors.

Diffusion weighted (DW) and diffusion tensor (DT) magnetic resonance (MR) imaging have been utilized for the characterization and grading of gliomas,^[@bibr3-0300060517712654][@bibr4-0300060517712654][@bibr5-0300060517712654][@bibr6-0300060517712654][@bibr7-0300060517712654][@bibr8-0300060517712654]--[@bibr9-0300060517712654]^ assuming a Gaussian diffusion of water protons. However, in the examination of tissue complexity, cell membranes, organelles, and water compartments can act as barriers, causing compartmentalization and restricting the free displacement of water molecules, leading to a non-Gaussian diffusion of water.^[@bibr10-0300060517712654]^ Thus, conventional DT imaging (DTI) may have limitations for cases involving non-Gaussian diffusion due to complex tissue microstructure, and has been reported to lack sensitivity and specificity for monitoring cellular changes related to malignant progression.^[@bibr4-0300060517712654]^

Diffusion kurtosis tensor imaging (DKT), as an extension of DTI, allows for the estimation of additional diffusion kurtosis metrics that can characterize non-Gaussian water diffusion behavior.^[@bibr10-0300060517712654]^ DKT has been found to exhibit successful performance in situations with a higher degree of tissue complexity in white matter compared with gray matter, with higher mean kurtosis (MK) values in white matter.^[@bibr10-0300060517712654]^ Changes of kurtosis metrics are believed to be strongly associated with tissue microstructure,^[@bibr10-0300060517712654][@bibr11-0300060517712654]--[@bibr12-0300060517712654]^ and DKT has been proposed as a method for examining glioma.^[@bibr13-0300060517712654][@bibr14-0300060517712654]--[@bibr15-0300060517712654]^ However, previous studies using DKT have been limited by relatively small patient sample sizes, and have not examined the relationships between diffusion metrics, kurtosis metrics, and tumor cellularity.^[@bibr13-0300060517712654][@bibr14-0300060517712654]--[@bibr15-0300060517712654]^

The current study sought to characterize gliomas using DKT, investigating the relationships between available metrics and tumor cellularity with a large patient population.

Materials and methods {#sec2-0300060517712654}
=====================

Patients {#sec3-0300060517712654}
--------

This study was approved by our institutional review board and written informed consent was obtained from all patients. Patients who were diagnosed with cerebral glioma at our outpatient clinic and treated in our hospital between January 2015 and March 2016 were considered for inclusion in the study. Patients with recurrent tumor or surgery prior to the MR examination were excluded. A total of 163 patients (101 men and 62 women, age: 40.5 ± 11.5 years; range, 13--72 years) who were scheduled to have surgery within 3 weeks were included in the study. Tissue samples were examined histopathologically by an experienced neuropathologist. Tumor grading was performed based on the WHO classification.^[@bibr2-0300060517712654]^

MR Imaging {#sec4-0300060517712654}
----------

All patients underwent MR imaging using a 3.0 Tesla MR system (MAGNETOM PRISMA, Siemens Healthcare, Erlangen, Germany) with a commercial 64-channel head/neck coil. MR protocols included: 1) fast low-angle shot (FLASH) sequence based T1-weighted imaging, field of view (FOV), 240 × 240 mm^2^; repetition time (TR)/echo time (TE), 8/3 ms; flip angle (FA), 70°; slice thickness, 1 mm; matrix size, 256 ×256; 2) Turbo spin echo (TSE) sequence based T2-weighted imaging, FOV, 256 ×192 mm^2^; TR/TE, 3500/102 ms; FA, 90°; slice thickness, 3 mm; matrix size, 448 ×358; 3) Fluid-attenuated inversion recovery (FLAIR), FOV, 256 × 192 mm^2^; TR/TE, 7000/79 ms; inversion time (TI), 2500 ms; FA, 120°; slice thickness, 4 mm with 0.4 mm gap; matrix size, 256 × 192; and 5) DKT was based on conventional DTI using a two-dimensional double spin-echo echo planar imaging (EPI) sequence to minimize the eddy current effect;^[@bibr16-0300060517712654]^ FOV, 220 × 220 mm^2^; TR/TE, 3600/76 ms; FA, 90°; number of slices, 25; slice thickness, 3 mm; slice distance factor: 30%; matrix size, 128 × 128; diffusion gradient encoding in 32 uniformly distributed directions with three b-values (0, 1000, 2000 s/mm^2^) in each direction, average = 1 for each b-value; the total acquisition time was 13 minutes 6 seconds. The T1-weighted sequences were performed before and after the administration of 0.2 mmol per kilogram of body weight of gadopentetate dimeglumine (Magnevist; Berlex Laboratories, Wayne, NJ).

Imaging processing and analysis {#sec5-0300060517712654}
-------------------------------

First, motion correction and spatial smoothing (Gaussian filter with full width at half maximum of 2.5 mm) was performed for the DKT data using software (Statistical Parametric Mapping, University College London, London, England).^[@bibr17-0300060517712654]^ Conventional diffusion and kurtosis metrics were derived per voxel simultaneously using a constrained maximum likelihood algorithm,^[@bibr18-0300060517712654],[@bibr19-0300060517712654]^ resulting in parametric maps of mean diffusivity (MD; the apparent diffusion coefficient averaged over all directions), fractional anisotropy (FA), mean kurtosis (MK; the apparent kurtosis coefficient averaged over all directions), kurtosis along the axial direction (Kax) and kurtosis along the radial direction (Krad). All tensor metrics estimation was processed automatically using a custom Matlab (MathWorks, Natick, MA) program developed in-house.

A neurologist with 10 years of experience in MR imaging (MRI) interpretation delineated the solid part of the tumor exhibiting low T2 signal intensity, and the corresponding part of the contralateral normal-appearing white matter (NAWM) as regions of interest (ROIs) on T2-weighted images using SPIN (Signal Processing In NMR, Detroit, Michigan, USA) software. Care was taken to avoid edema and necrosis, which also exhibit hyperintensity on T2-weighted images. ROIs defined on T2-weighted images were then transferred to all parametric maps using affine registration^[@bibr14-0300060517712654]^ ([Figure 1](#fig1-0300060517712654){ref-type="fig"}). Furthermore, all parameters in tumor ROIs were normalized for each patient (i.e., normalized parameters = average parameters \[tumor\]/average parameters \[NAWM\]), to mitigate the potential impact of inter-individual brain differences. Figure 1.T2-weighted image and corresponding diffusion kurtosis parametric maps (MD, FA, MK, Kax and Krad) for a 60-year-old male with WHO-III glioma. Regions of interest (ROIs) were drawn in the solid part of the tumor (red) and contralateral normal appearing whiter matter (yellow), respectively.

All ROI-related measurements were performed twice, with an interval of 3 days for the assessment of inter-observer agreement.

Histopathology and tumor cellularity {#sec6-0300060517712654}
------------------------------------

A single neuropathologist with 10 years of experience in neuropathology who was unaware of the previous MRI findings reviewed all the representative histological sections (200×) using an optical microscope (Nikon Eclipse E600, Nikon, Osaka, Japan). For each case, grades (II--IV) were assigned based on the representative histological sections according to the WHO classification.^[@bibr2-0300060517712654]^

Tumor cellularity analysis was performed by an uninformed expert histologist (5 years of experience in histology) using Image Pro Plus (Version, 6.0, Media Cybernetics, Inc., MD, USA) software. Tumor cellularity was defined as the ratio of total area of the tumor cell nuclei to that of the histologic section. An adaptive histogram equalization and color intensity threshold was used to segment darker stained cell nuclei and automatically obtain the total area of the tumor cell nuclei and that of the histologic section ([Figure 2](#fig2-0300060517712654){ref-type="fig"}). Figure 2.Histological slides (200×) stained with hematoxylin and eosin (H&E) for three typical cases: a 42-year-old woman with WHO-II glioma (top left), a 48-year-old man with WHO-III glioma (top middle) and a 63-year-old man with WHO-IV glioma (top right). Tumor cell nuclei in these three cases were automatically segmented (red boundaries) using software (WHO-II glioma, bottom left; WHO-III glioma, bottom middle; WHO-IV glioma, bottom right).

Statistical analysis {#sec7-0300060517712654}
--------------------

All parameters in NAWM were corrected for age-related changes.^[@bibr17-0300060517712654]^ Tumor cellularity and the diffusion and kurtosis metrics, including MD, FA, MK, Kax, Krad and corresponding normalized values were compared among tumor grades using Mann-Whitney tests. Receiver operating characteristic (ROC) curves were used for the diffusion and kurtosis metrics and corresponding normalized values, and the area under the ROC curve (AUC) was calculated for the assessment of the optimal discriminating parameter for grade II versus III, grade III versus IV, and grade II versus IV tumors. The correlations between tumor cellularity and the diffusion and kurtosis metrics of the individual lesions were tested using a simple linear regression analysis. Intra-observer agreement in ROI-related measures was evaluated using the intraclass correlation coefficient (ICC) based on the measurement results at two different times. *P* \< 0.05 was considered to indicate significant difference. All statistical analyses were performed using MedCalc Statistical Software version 15.6.1 (MedCalc Software bvba, Ostend, Belgium; <https://www.medcalc.org>; 2015).

Results {#sec8-0300060517712654}
=======

The pathological examinations revealed that 63 of 163 patients (38.7%) met the criteria for WHO II glioma (astrocytoma), 48 patients (29.4 %) met the criteria for WHO III gliomas (astrocytoma), and 52 patients (31.9 %) met the criteria for WHO IV (glioblastoma multiforme, GBM).

Contrast enhancement was observed in 141 gliomas (grade II: 41, grade III: 48 and grade IV: 52, 87% of all patients), whereas 22 gliomas (grade II: 22, 13% of all patients) were not found to be enhanced during the MR examination but were confirmed by histological examination. A case of WHO III glioma with a contrast-enhanced T1-weighted image and corresponding diffusion kurtosis parametric (MD, FA, MK, Kax and Krad) maps is shown in ([Figure 3](#fig3-0300060517712654){ref-type="fig"}). Figure 3.Post-contrast T1-weighted image and corresponding diffusion kurtosis parametric maps for a 36-year-old woman with WHO III glioma. The solid part of the tumor (white square) was slightly enhanced on T1-weighted image and showed different contrast on MD, FA and kurtosis parametric maps. The MD bar is shown in units of 10^−3 ^mm^2^/s, while the bars of other maps have dimensionless units.

The age of patients differed significantly between the three groups (grade II, 33.2 years; grade III, 43.1 years; grade IV, 46.9 years, *P* \< 0.01), and all NAWM metrics were found to correlate with age (MD: r = 0.39, *P* = 0.003; FA: r = −0.22, *P* = 0.04; MK: r = −0.18, *P* = 0.02; Kax: r = −0.20, *P* = 0.02; Krad: r = −0.28, *P* = 0.04). Therefore, age-correction for all metrics in NAWM was performed with the average age of all patients (40.5 years) and the slope of the linear regression of the metrics versus age.

The average and normalized metrics and tumor cellularity in each grade group are summarized in [Table 1](#table1-0300060517712654){ref-type="table"}. Tumor cellularity increased with grade, with mean values of 11.6% ± 4.8%, 20.8% ± 7.2% and 29.9% ±7.7%, for grade II, III, and IV, respectively. Distributions of diffusion and kurtosis metrics in NAWM and tumors with different grades are shown in [Figure 4](#fig4-0300060517712654){ref-type="fig"}. [Table 2](#table2-0300060517712654){ref-type="table"} shows a summary of the comparison between diffusion and kurtosis metrics and tumor cellularity among different tumor grades. Tumor cellularity differed significantly in each grade (*P* \< 0.001). No significant difference was found for FA/normalized FA between each pair of grades (*P* \> 0.05). For grade II versus III, only MK/normalized MK was found to exhibit a significant difference (*P* = 0.03/0.04); other parameters, including MD/normalized MD, Kax/normalized Kax, and Krad/normalized krad, did not exhibit significant differences (*P* \> 0.05). For grade II versus IV, most parameters, including MD/normalized MD, MK/normalized MK, Kax/normalized Kax and Krad/normalized Krad, exhibited significant differences (*P* \< 0.05). For grade III versus IV, MK/normalized MK (*P = *0.02/0.04), Kax/normalized Kax (*P* = 0.01/0.03) and Krad/normalized Krad (*P* = 0.02/0.03) exhibited significant differences. Table 1.Diffusion kurtosis metrics in different tissue types and corresponding tumor cellularity.MD (10^−3^ mm^2^/s)FAMKKaxKradTumor Cellularity (%)NAWM0.91 ± 0.060.40 ± 0.101.00 ± 0.110.77 ± 0.901.32 ± 0.24N.A.WHO II1.62 ± 0.44 (1.80 ± 0.50)0.12 ± 0.09 (0.30 ± 0.23)0.52 ± 0.18 (0.53 ± 0.20)0.51 ± 0.15 (0.68 ± 0.23)0.55 ± 0.24 (0.43 ± 0.20)11.6 ± 4.8WHO III1.45 ± 0.43 (1.58 ± 0.47)0.13 ± 0.04 (0.33 ± 0.1)0.62 ± 0.21 (0.63 ± 0.20)0.59 ± 0.17 (0.79 ± 0.28)0.64 ± 0.23 (0.49 ± 0.16)20.8 ± 7.2WHO IV1.34 ± 0.28 (1.48 ± 0.35)0.12 ± 0.03 (0.30 ± 0.12)0.72 ± 0.18 (0.71 ± 0.23)0.70 ± 0.18 (0.93 ± 0.31)0.73 ± 0.19 (0.58 ± 0.22)29.9 ± 7.7[^1] Figure 4.Box-and-whisker plot distribution for the diffusion and kurtosis metrics in normal appearing white matter (NAWM) and tumors with different grades. Table 2.Sample tests of differences in diffusion kurtosis metrics and cellularity in tumors of different grades.ParametersII versus III (*P* value)II versus IV (*P* value)III versus IV (*P* value)MD0.26 (0.22)0.04 (0.03)0.34 (0.53)FA0.06 (0.13)0.24 (0.36)0.54 (0.53)MK0.03 (0.04)0.006 (0.02)0.02 (0.04)Kax0.07 (0.1)0.006 (0.02)0.01 (0.03)Krad0.1 (0.16)0.02 (0.04)0.02 (0.03)Tumor cellularity\<0.001\<0.001\<0.001[^2]

ROC curves of the diffusion kurtosis metrics for distinguishing between tumors of different grades are shown in [Figure 5](#fig5-0300060517712654){ref-type="fig"}, with detailed information presented in [Table 3](#table3-0300060517712654){ref-type="table"}. Figure 5.Receive operating characteristic curves for the diffusion and kurtosis metrics in differentiating between a) Grade II versus III; b) Grade II versus IV and c) Grade III versus IV. The curve for MK demonstrated the best performance for differentiating between each pair of grades. Table 3.Receiver operating characteristic (ROC) curve analysis of differences in diffusion and kurtosis metrics between different tumor grades (II vs. III, II vs. IV and III vs. IV).ParametersAUC^[\*](#table-fn3-0300060517712654){ref-type="table-fn"}^ThresholdSensitivity (%)Specificity (%)*P* valueMDII vs. III0.599/0.6081.37/1.82(10^−3^mm^2^/s)50/7567.65/47.060.26/0.21II vs. IV0.703/0.7121.28/1.43(10^−3^mm^2^/s)60/7079.41/73.530.03/0.02III vs. IV0.613/0.5751.28/1.43(10^−3^mm^2^/s)60/7075/68.750.33/0.53FAII vs. III0.665/0.6910.09/0.375/62.552.94/76.470.04/0.01II vs. IV0.624/0.5970.08/0.22100/7041.18/52.940.14/0.33III vs. IV0.572/0.5750.12/0.2780/6050/62.50.53/0.55MKII vs. III0.74/0.780.5/0.4675/87.566.67/600.003/0.02II vs. IV0.89/0.850.6/0.5283.3/8090/84.710.0001/0.004III vs. IV0.72/0.700.67/0.7566.7/6075/88.80.04/0.03KaxII vs. III0.66/0.6440.48/0.5673.3/87.560.6/41.180.06/0.09II vs. IV0.84/0.760.55/0.9583.3/6075.8/91.180.0001/0.02III vs. IV0.72/0.640.68/0.9566.7/6081.2/81.250.04/0.02KradII vs. III0.64/0.6240.52/0.3473.3/81.2560.6/500.11/0.12II vs. IV0.79/0.740.6/0.4483.3/8078.8/61.760.0001/0.02III vs. IV0.72/0.700.58/0.4883.3/73.556.2/62.50.03/0.03[^3]

The analysis of correlations between all metrics and tumor cellularity revealed that MK/normalized MK (*r* = 0.47/0.46, *P* = 0.003/0.003) and Kax/normalized Kax (*r* = 0.45/0.48, *P* = 0.004/0.002) exhibited stronger correlations than Krad/normalized Krad (*r* = 0.37/0.37, *P* = 0.02/0.02) and MD/normalized MD (*r* = −0.33/0.34, *P* =0.04/0.03), while FA/normalized FA (*r* = 0.36/0.30, *P* = 0.02/0.06) exhibited a weak correlation.

The analysis of ROI-related measures revealed that the mean intraclass correlation coefficient was 0.851 (range, 0.832--0.902), suggesting good intraobserver agreement. Therefore, all results were based on the average of two readers' observations.

Discussion {#sec9-0300060517712654}
==========

The current results demonstrated that kurtosis metrics (MK/normalized MK, Kax/normalized Kax and Krad/normalized Krad) increased with tumor grade. Only MK/normalized MK significantly differed between each pair of tumor grades (*P* \< 0.05) and demonstrated the best performance in discrimination of tumor grades with respect to the ROC curve analysis. In addition, in contrast to MK/normalized MK, neither Kax/normalized Kax or Krad/normalized Krad detected significant differences between tumor grades II and III, and produced ROC results with less statistical power. As a possible explanation, because Kax and Krad are designed to specifically address direction-dependent tissue complexity, they may have less generalizability for tumor cases, compared with MK. In addition, the results revealed that MD/normalized MD decreased with tumor grade, and showed significant differences only between tumor grade II and IV (*P* \< 0.05), with relatively weak ROC results compared with those of the kurtosis metrics. In a previous study, Raab et al.^[@bibr13-0300060517712654]^ found that MD only detected significant differences between tumor grades III and IV, while Van Cauter et al.^[@bibr14-0300060517712654]^ reported that MD was not significantly different between lower grade (II) and higher grade (III and IV) tumors. These discrepancies between previous studies of MD may have been caused by differences in sample size, differences in DKT protocols, or other factors affecting MD.^[@bibr13-0300060517712654],[@bibr14-0300060517712654],[@bibr20-0300060517712654][@bibr21-0300060517712654][@bibr22-0300060517712654]--[@bibr23-0300060517712654]^ Regarding FA, variation has been reported between studies,^[@bibr5-0300060517712654],[@bibr13-0300060517712654],[@bibr14-0300060517712654]^ and the clinical utility of FA in glioma grading is contentious. In the current study, FA did not reveal significant differences between tumor groups, except between tumor grades II and III. FA is known to change with age and brain region.^[@bibr5-0300060517712654]^ These differences may act as a confounding factor in the evaluation of FA in glioma diagnosis, and may be responsible for variation between studies. The current finding that kurtosis metrics and FA were much higher in NAWM than in tumor ROIs, while MD in NAWM was much lower than in tumor ROIs, is in accord with previous studies,^[@bibr13-0300060517712654][@bibr14-0300060517712654]--[@bibr15-0300060517712654],[@bibr20-0300060517712654]^ indicating that the degree of tissue complexity is decreased in tumor tissue compared with NAWM.

Since histologic examination is considered the standard protocol for glioma diagnosis and grading, the diagnosis of glioma using diffusion and kurtosis metrics was also evaluated in terms of tumor cellularity in the current study. The increase of tumor cellularity with tumor grade and the significant differences between every pair of grades may indicate an increase in cell membranes and organelles, or changes of intra- or extra cellular space with tumor grade,^[@bibr24-0300060517712654]^ all of which would be expected to affect water diffusion and contribute to the degree of tissue complexity.^[@bibr11-0300060517712654],[@bibr12-0300060517712654]^ MD values in tumors are likely to be affected by several factors. For instance, variations in molecular crowding and viscosity among different intercellular organelles have been found to affect MD at the intracellular level.^[@bibr21-0300060517712654]^ Moreover, changes in glandular fluid are thought to reduce MD in prostate cancer.^[@bibr22-0300060517712654]^ In a unique case, low MD was found to coexist with a small number of cells in pediatric brain tumor.^[@bibr23-0300060517712654]^ As such, MD may not be an appropriate measure for characterizing tumor cellularity or tumor grading. In the current study, kurtosis metrics including MK, Kax and Krad were negatively correlated with tumor cellularity, whereas MD and FA exhibited positive correlations with relatively weak statistical power. The stronger correlations between kurtosis parameters and tumor cellularity might be responsible for their superior performance in discriminating between tumor grades, and their higher diagnosis accuracy, in accord with the notion that tumor cellularity should be considered one of the features for determining histologic grade.^[@bibr2-0300060517712654]^

Increased tumor cellularity would be expected to have a substantial impact on MD and kurtosis metrics because of restricted diffusion and high microstructural complexity. Therefore, MD and kurtosis metrics may be appropriate indicators, reflecting different aspects of diffusion.^[@bibr10-0300060517712654]^ Interestingly, [Figure 3](#fig3-0300060517712654){ref-type="fig"} shows a case of WHO III glioma with parametric maps providing different contrasts for the solid part of the tumor. On post-contrast T1-weighted images, the high concentration of contrast agent in the upper left part of the tumor resulted in an uneven contrast, indicating tumor heterogeneity. The MD map showed weak diffusion in the upper left part and relatively strong diffusion in the lower right part of the tumor. Similarly, the FA map showed less anisotropy in the lower right part of the tumor. However, corresponding kurtosis parametric maps showed relatively uniform contrast for the solid part of the tumor, reflecting a similar degree of microstructural complexity within. This comparison of contrast indirectly suggests that MD may be affected by factors other than tissue structure. However, no previous findings indicate that changes in MD are proportional to the degree of microstructural complexity, even without considering the other factors that may affect MD. Because diffusion kurtosis is not based on a specific model,^[@bibr10-0300060517712654]^ and it is difficult to establish a relationship between diffusion and the general concept of tissue complexity, the nature of diffusion kurtosis and its intrinsic association with diffusion requires further investigation. Although, the mechanisms underlying differences in MK changes within gliomas remain to be clarified, MK still can serve as a promising indicator of tumor grade.

Several limitations of the current study should be considered. First, although a large patient population was examined in this study, a multi-center study would be helpful for controlling for the potential confounding differences between single center studies. Second, it should be noted that the impact of tumor position on kurtosis metrics was not investigated in this study, possibly resulting in position-dependent bias. Finally, as histopathological results are strongly affected by the specimen fixation protocol used, grade migration may have resulted from suboptimal fixation, which may adversely affect tumor grading.

In conclusion, the current results indicate that the kurtosis parameter MK is a useful index for tissue complexity, as a method for quantifying non-Gaussian diffusion behavior. We found that MK was the best-performing diffusion kurtosis parameter for characterizing cerebral glioma. However, the nature of non-Gaussian diffusion behavior and its intrinsic association with conventional diffusion requires further elucidation.
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[^1]: Note: Values are presented as mean ± standard deviation; NAWM -- normal appearing white matter; MD/MK -- mean diffusion and kurtosis parameters derived from DKI images; Krad -- radial kurtosis, Kax -- axial kurtosis, and tumor cellularity -- the nuclei-to-cytoplasm ratio. The normalized values are presented in parentheses.

[^2]: Note: MD and MK -- mean diffusion and kurtosis coefficients; FA -- Fractional anisotropy; Kax -- kurtosis in the axial direction; Krad -- kurtosis in the radial direction; tumor cellularity is defined as the ratio of the area of tumor cell nuclei to the area of cytoplasm. *P*-values for the results of normalized parameters are presented in parentheses.

[^3]: Area under ROC curves; MD and MK -- mean diffusion and kurtosis coefficients; FA -- Fractional anisotropy; Kax -- kurtosis in the axial direction; Krad -- kurtosis in the radial direction; For each parameter, three rows of values correspond to II versus III, II versus IV and III versus IV respectively.
